. Purpose: The purpose of this study was to assess the effect of repetitive head impacts experienced by football players compared to noncontact athletes on dynamic postural control during both single-task (ST) and dual-task (DT) conditions. Methods: Thirty-four football players wearing accelerometer instrumented helmets and 13 cheerleaders performed a dynamic postural control battery, consisting of ST and DT gait initiation, gait, and gait termination, both prior to and following the football season. A 2 (group) Â 2 (time) repeated measures ANOVA compared performance across 32 dynamic postural outcomes. A linear regression was performed on postural control change scores with common head impact kinematics serving as the independent variables. Results: The football players experienced a mean of 538.1 T 409.1 head impacts in the season with a mean linear acceleration of 27.8g T 3.2g. There were no significant interactions for any of the ST or DT dynamic postural control tasks. There was a significant relationship between head impact kinematics and the lateral center of pressure displacement during the anticipatory postural adjustment phase (r 2 = 0.26, P = 0.010) and transitional phase (r 2 = 0.511, P = 0.042) during ST gait initiation. For both measures, the number of impacts exceeding 98g was the only significant predictor of decreased center of pressure displacement. Conclusions: A single competitive football season did not adversely affect dynamic postural control when comparing football players to cheerleaders who do not experience repetitive head impacts. Furthermore, there were limited relationships with head impact kinematics suggesting that a single season of football does not adversely affect most outcome measures of instrumented dynamic postural control. These findings are consistent with most studies which fail to identify clinical differences related to repetitive head impacts. Key Words: CONCUSSION, SUBCONCUSSIVE IMPACTS, BALANCE, BIOMECHANICS A lthough concussion remains a major public health issue and societal problem, recent years have seen an increased concern over repetitive head trauma, independent of concussion, which occurs through routine contact sports participation such as football and soccer (1). These repeated head impacts (RHI) are the result of blows to the head which neither result in any overt concussion symptomology nor receive medical treatment. Animal studies suggest that RHI, not independently associated with cellular damage, result in neurological dysfunction when repeated in close temporal proximity and are associated with early development of cis-p-tauopathy, a potential precursor to chronic traumatic encephalopathy (CTE) (2-4). In humans, it is speculated that RHI may be associated with later life neuropathologies resulting from cumulative lifetime exposure and is likely mediated by age of first exposure, magnitude and timing of exposures, and other individual characteristics (5). Most recently, an association between RHI and the development of CTE has been proposed based on animal modeling and the findings of CTE in athletes without prior diagnosed concussion (4).
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Although the long-term later life association with neuropathology remains an ongoing challenge given the obvious difficulties of longitudinal studies (e.g., tracking athletes for decades postcareer) (6) , the effects of RHI over the course of an athletic season are being utilized to model the short term effects. In collegiate student-athletes, findings to date are mixed and most clinical and behavioral assessments finding no differences over the course of a collision sports season (7) (8) (9) (10) (11) . Conversely, many neuroimaging studies do identify altered brain structure and/or function over the course of a similar collision sports season (12) (13) (14) (15) . It is currently unknown if the changes observed in these neuroimaging studies represent compensatory adaptations or long lasting brain impairments (13) . Furthermore, inconsistency in neuroimaging changes (e.g., both increased and decreased fractional anisotrophy during diffusion tensor imaging) and lack of correlation with behavioral responses suggest caution must be exercised when interpreting these findings (16) . Whereas standard clinical and behavioral neurological examinations may lack sensitivity to identify neurological changes and neuroimaging findings may lack specificity, instrumented measures of postural control are well established markers of neurological health in diverse populations and may be well suited to elucidate changes (17, 18) .
Gait is a stable motor task over time in healthy young adults and routinely identifies postural control impairments across neurologically challenged populations including following concussion (19) . However, transitional dynamic tasks, such as gait initiation (GI), the transition from quiet stance to locomotion, and planned gait termination (GT), the transition from locomotion to quiet stance, provide even greater challenges to the postural control system (19) (20) (21) (22) (23) ). An additional advantage of gait related tasks is the known association between task performance and supraspinal structures and pathways based on animal, neuroimaging, and stroke related research (24) (25) (26) . During gait, the rhythmic activity is generated by the central pattern generators in the spinal cord; however, overriding supraspinal control remains present (26) . During transitional movements, the anticipatory postural adjustment (APA) phase of GI is likely controlled by the supplementary motor area, whereas GT control largely resides in the dorsal lateral prefrontal cortex (24) (25) (26) . The addition of a cognitive challenge to these tasks, termed dual task (DT), requires the individual to share attentional capacity between the motor and cognitive challenges and increases the tasks discriminatory capabilities (18) . Not surprisingly, DT gait has routinely identified both acute and lingering postural control deficits postconcussion (27, 28) .
Neuroimaging studies have identified alterations associated with RHI whereas clinical and behavioral screening assessments have not; this suggests more sophisticated and sensitive clinical assessments may be required to identify subtle nervous system changes (7, 9, 12) . Furthermore, motor performance has received limited evaluation compared to cognitive function despite the general independence of the systems. Therefore, the purpose of this study was to assess the effect of RHI experienced by football players compared with noncontact athletes on dynamic postural control during both single-task (ST) and DT conditions at two institutions. We hypothesized that RHI would adversely affect postural control in the football group as compared with the noncontact athletes. Second, we hypothesized a dose response relationship would be present and those football participants with greater number and magnitudes of impact would experience greater deficits.
METHODS

Participants
There were two groups of participants from two institutions enrolled in this study, 1) 34 NCAA Division I football players (football) wearing helmets instrumented with the Helmet Impact Telemetry System (HITS) from two institutions (one football championship subdivision and one football bowl subdivision) and 2) a University cheerleading (N = 13; 11 female, 2 male) team (Cheer) which served as a nonrepetitive head impact control group (Table 1) . The HITS system is only available in specific Riddell football helmets (Riddell, Inc., Chicago, IL) and therefore the participants in the football group were delimited to those wearing Speed and Speed classic helmets and was roughly divided between skill (n = 16) and lineman (n = 18) positions. Potential participants were excluded if they selfreported neurological, visual, vestibular, or balance related pathologies which would adversely influence gait and balance. To maintain an ecologically valid sample, history of prior concussion was not an exclusion criteria; however, no participant had a currently clinically unresolved concussion at either testing session or suffered a concussion during the course of the season and all participants were medically cleared for full unrestricted participation during both the preseason and postseason testings. All participants provided written informed consent as approved by the University of Delaware and Georgia Southern University institutional review boards.
Instrumentation
This project included two collaborating institutions and assessments were performed at both sites with the same testing equipment while one site also performed additional forceplate based assessments (N = 28: 15 FB and 13 control participants) (Fig. 1) . Gait performance was assessed using a 4.9 m GAITRite instrumented walkways (CIR Systems, Sparta, NJ). The GAITRite is reliable (ICC: 0.8-0.98) and valid (ICC: 0.92-0.99) portable walkway gait analysis system with 18,432 sensors over a 0.6 m (w) Â 4.9 m (l) grid that detect footfalls as the participant transverses the walkway (29, 30) . Kinetic data were collected at 1000 Hz from four adjacent force plates (Model OR-6; AMTI, Watertown, MA) embedded level with the laboratory floor. *There were significant differences between groups for height (P G 0.001) and weight (P G 0.001). There was no difference between groups for Concussion History (P = 0.311) or Age (P = 0.403). The player position is the primary position the individual participated during the course of the season.
The football participant_s helmets were instrumented with HITS which has been extensively described previously (31, 32) . Briefly, HITS is comprised of six single-axis accelerometers embedded inside a Riddell football helmet which communicates wirelessly with the Sideline Response System (SRS) computer (31, 32) . If the HITS accelerometer cannot immediately communicate with the SRS due to proximity or other reasons, the kinematic data is stored onboard the encoder and transmitted to the SRS once the system communication is restored. The impact data is recorded at 1000 Hz in 40-ms periods including 8 ms before the trigger and 32 ms thereafter (31, 32) . The accelerometers us established algorithms to calculate the resultant linear accelerations from the x-axis and y-axis (31,32). The HITS system has been validated for recording the number of impacts, impact location (T0.41 cm), and peak translational acceleration (4% error) (31) (32) (33) . However, the lack of a z-axis results in an estimation of the angular or rotational acceleration and therefore the rotational accelerations are not utilized in current study (31) (32) (33) (34) (35) . The HITS data was cleaned to remove any impacts which occurred outside of game/practice times or any observed nonhead impact measures (e.g., player observed throwing their helmet). The threshold for an impact was 10g which is commonly utilized with the HITS system (7, 36, 37) .
Procedures
All participants were tested on two occasions, 1) in July or August before the start of the athletic season, and 2) within 72 h of the conclusion of the football season. The cheerleaders were tested at the same time points as the football players despite their season continuing to progress until April. There were two sites in this study and the same procedures were followed at each test site, but only one site had embedded force plates; thus 28 participants completed the GI and GT components and all 47 completed the gait trails. All participants were currently medically cleared for full unrestricted athletic participation at the time of testing and participants completed the following assessments;
ST GI, Gait, and GT. All tasks were completed using standard biomechanics laboratory protocols for gait and balance data collection. Participants began each GI trial standing with one foot on adjacent force plates, initiated movement with their self-selected limb in response to a verbal cue, traversed the 4.9-m walkway at a self-selected pace, and continued walking to a mark on the ground 2.5 m beyond the walkway (38, 39) (Fig. 1) . After a brief break, participants were then positioned at the floor mark approximately 2.5 m before the walkway and, in response to a verbal cue, traversed back down the walkway and terminated gait on the four force plates such that the penultimate step impacted force plate 3 or 4 and termination occurred on force plate 1 and 2 (21, 22) (Fig. 1) . Participants completed five trials each of GI and GT and thus 10 trials of gait.
DT GI and gait. Participants began each trial in the same position as the ST trial; however, the initiation cue was a previously used cognitive challenge (months of the year backwards, spelling a word backwards, and serial 7s) (27, 28) . Participants were instructed to begin walking (GI) when the cognitive challenge was presented and continue answering the questions as they progressed down the walkway. Each participant completed 5 trials of DT GI and gait only, no DT GT trials were performed because the participant typically completed the cognitive challenge before terminating gait.
Data Analysis
Gait initiation. The displacement of the center of pressure (COP) was divided into three segments based on two landmarks as frequently described in the literature (23,39) ( Fig. 2A) . Briefly, the COP initially is displaced posteriorly and toward the initial swing limb, and this represents the APA component of GI. Thereafter, the transitional phase occurs as the COP shifted from the initial swing limb to the stance limb as the swing limb unloads. Finally, the locomotor phase encompasses the COP anterior displacement under the initial stance limb as it progresses to toe-off. The anterior-posterior (AP) and medial-lateral (ML) displacements were calculated for each of the three phases (23, 39) .
Gait. The GAITRite instrumented walkway provides common stepping characteristics (29, 30) . The outcomes measures in this study were mean step velocity, mean step length, mean heel to heel base of support (HHBOS), and the percentage of the gait cycle in stance, and mean of the left and right was used as the outcome measure for all dependent variables (27) . During the gait trials, the cognitive component was also assessed which included; 1) ''correct answers'' which was calculated as the total number of correct answers from the five DT trials, and 2) the ''accuracy'' of the answers which was defined as the number of correct answers divided by the total number of answers attempted (27) .
Gait termination. The COP displacements during GT are similar, but reversed, from GI (21) (Fig. 2B) . The braking phase of GT occurs during a shift from the initial heel contact of the lead limb, during the penultimate step, to the ball of the terminating step foot during ground contact. During the transitional phase, COP is transferred underneath the lead limb, until the trailing limb concludes swing phase and a bipedal stance is resumed on the force plate. The stabilization phase is a final shift of the COP back to the center of the foot once both feet are planted (21) . Similar to GI, the AP and ML displacement was calculated for each of the phases.
Statistical Analysis
Descriptive statistics (mean and standard deviations) were calculated for all dependent variables to provide measures of central tendency and variability. To assess for changes over the course of the athletic season, separate 2 (group) Â 2 (time) mixed design ANOVA were performed for each dependent variable of interest. Significant interactions were followed-up with a pairwise comparison using Tukey procedure. If there was a difference at preseason between groups, then an ANCOVA was performed with the preseason serving as the covariate and the postseason serving as the dependent variable. Concussion history was not utilized as a covariate due to established challenges in accurately ascertaining lifetime concussion history (40) . Because of the lack of independence among variables, a more conservative alpha value of 0.01 was applied.
To assess for the role of head impacts on change in performance in the football players, separate linear regression analysis
) mean linear acceleration, 3) cumulative linear acceleration, and 4) number of impacts exceeding 98g which serves as a measure of a high impact threshold (7) . After the review of the variance inflation factors (VIF), the cumulative linear acceleration independent variable was removed from the model (VIF Q20) and the remaining three independent variables served as predictors (VIF e5).
RESULTS
Head Impacts
There were a total of 18,295 head impacts (mean, 538.1 T 409.1; range, 80-1907; median, 436) measured among all football participants with a mean of 5.3 T 5.7 (range, 0-16; median, 5) impacts exceeding 98g. The mean linear acceleration was 27.8g T 3.2g (range, 21.8-36.5; median, 28.1). The distribution of helmet impacts were 1) front of helmet (44.2% T 15.4%), 2) back of helmet (26.9% T 13.1%), 3) top of helmet (15.9% T 10.9%), 4) right side of helmet (6.7% T 3.7%), 5) left side of helmet (6.2% T 3.1%).
There was no difference between groups for the number of days between the two testing sessions (Football: 131.3 T 2.2 d and Cheerleading: 129.1 T 1.9 d; P = 0.796).
Effects of the Season
Gait initiation. There were significant group differences at preseason for both ST and DT APA ML displacement, transitional phase ML displacement, locomotor phase AP Displacement with the football participants having larger displacements than cheer (Table 2) . Therefore, for these dependent variables, ANCOVA were performed with the preseason value serving as the covariate.
There were no significant group-time interactions during ST GI. There were no significant group-time interactions during DT GI (Table 2) .
Gait. There were significant group differences at preseason for HHBOS and Stance with the football participants having a wider base of support and higher percentage of their gait cycle in stance; therefore these were subsequently compared with an ANCOVA with the preseason performance serving as the covariate (Table 3 ). There were no significant preseason differences for the cognitive component of the DT trials.
There were no significant group-time interactions for the ST or DT stepping characteristics. There were no significant group-time interactions for the cognitive components of the DT trials (Table 3) .
Gait termination. There were significant group differences at preseason for braking phase and transitional phase COP medial lateral displacements with the Football participants having a larger displacement in both phases; therefore these were subsequently compared with an ANCOVA with the preseason performance serving as the covariate.
There were no significant group-time interactions for COP displacement during GT ( Table 2) .
Effects of head impact kinematics. There were significant regression outcomes for APA ML phase (R 2 = 0.526, F = 6.171, P = 0.010; B = j1.629, 95% CI: j11.426 to 8.169) and transitional ML phase (R 2 = 0.511, F = 3.832, P = 0.042; B = 4.576, 95% CI: j13.79 to 22.941) during ST http://www.acsm-msse.org
GI. There were no relationships between head impact kinematics and any gait, GT, DT GI, or other ST GI variables ( Table 2 ). The number of impacts exceeding 98g was the only independent predictor which was significant for APA ML phase (B = 0.431, t = 3.904, P = 0.002) (Fig. 3A) . The number of impacts exceeding 98g was the only independent predictor which was significant for changes in the transitional ML phase (B = 0.571, t = 2.563, P = 0.026) (Fig. 3B) . In both instances, an increased number of impacts 998g was associated with a reduction in the COP displacement.
DISCUSSION
Repetitive head impacts have been associated with neuroimaging changes over the course of a football season, but relatively few changes have been found in clinical or behavioral assessments (7) (8) (9) (10) (11) (12) (13) (14) (15) . Herein, instrumented dynamic postural control was assessed preseason and postseason in both football players wearing instrumented helmets and cheerleaders who served as non-RHI control participants. The primary finding of this study was no significant interactions in either ST or DT performance between groups over the course of the season. Furthermore, there were limited adverse relationships between head impact kinematics and dynamic postural control with only ST GI APA lateral and transitional displacement phases being associated with the number of Q98g impact sustained. Taken together, these results suggest that dynamic postural control is not impaired by participation in a collegiate football season and head impact kinematics generally do not adversely affect postural control.
The neurological components essential to healthy dynamic postural control include the somatosensory, motor, and cognitive systems which allows the successful integration of the individual, task, and environment (18) . The attentional resources available from the cognitive systems vary depending on the task as well as the individual_s age and balance capabilities which make DT an effective strategy to challenge the neurological systems of otherwise healthy young adults and have routinely identified postconcussion deficits (18, 27, 28) . Transitional motor tasks, such as GI and GT, further challenge the postural control systems and have also identified deficits postconcussion and in other neurological populations (20) (21) (22) (23) (24) . Thus, this test battery should be ideally situated to identify motor impairments associated with RHI over the course of a football season; however, no interactions were identified across 32 dependent variables including both ST and DT as well as transitional and steady state tasks (19) . Although neuroimaging studies have routinely identified differences over the course of a season, it has been speculated the changes may originate from impaired neurovascular coupling which may not adversely affect motor planning or their associated descending pathways (13) . Furthermore, although RHI changes are commonly reported in high school athletes, fewer studies have identified changes in collegiate student-athletes (12) (13) (14) (15) . It is unknown if these neuroimaging changes represent permanent changes in brain health or reflect compensatory changes which may allow for appropriate motor outcomes despite central neurological impairments (13). Finally, it is possible that these findings accurately represent the effect of a football season_s related RHI and there were no adverse effects to the motor system (11) . Future work needs to continue to bridge the gap between neuroimaging and clinical or behavioral health outcomes to address the short term safety of collision sports which involve RHI.
There were two significant relationships, of 32 assessed variables, between head impact kinematics, specifically the number of impacts exceeding 98g, and ST GI performance (Figs. 3A and B) . In both instances, increased number of high impacts predicted poorer performance as represented by decreased lateral COP displacement during both the APA phase and transitional phase of ST GI. The lateral COP displacement during the APA phase of GI is regulated by gluteus medius muscle activation and, in conjunction with the posterior COP displacement, is responsible for the decoupling of the COP from the center of mass during movement initiation and impairments have been noted in a multiple aging and neurological diseased populations (20, 23, 24, 39) . The COP lateral displacement during the transitional phase of GI accompanies the weight shift to the stance limb during the swing limb unloading and is rarely affected by neurological disorders (20, 23, 24) . Repeated high-magnitude impacts have been associated with microhemorrhages, based on susceptibility weighted imaging, which could be related to impaired APA (e.g., initial lateral displacement), but are unlikely to affect the more mechanical transitional phase of GI (13) . Post-priori analysis failed to identify any balance or stepping characteristics (e.g., initial stance or step width, premovement limb loading) likely to predict COP transitional phase displacement, but the lack of 3D kinematics and electromyography limit the ability to explain this finding, and these approaches should be incorporated in future studies. This finding is consistent with recent work by Slobounov who reported that neuroimaging changes, specifically changes in functional connectivity and cerebral blood flow, in collegiate football players who had more high impacts (980g) in practices during the season (13) . Similarly, McAllister reported an association between frequency and magnitude of RHI in college football players with both white matter changes and impaired cognition and suggested a subgroup of respondents may have elevated susceptibility to RHI (12) . Conversely, Gysland et al. (7) did not identify a relationship between high impact (990g) and performance on a clinical assessment battery. It is important to note that the remaining 30 (93.8%) of 32 dynamic postural control and cognitive variables showed no relationship to head impact kinematics (Tables 2 and 3) . Furthermore, the number of head impacts was not related to any of the 32 variables in this study which suggests that RHI alone, independent of magnitude, does not affect ST or DT dynamic postural control following a football season. This is important as RHI alone has been speculated to be strongly associated with later life neuropathological outcomes (4) . Taken together, these results suggest that neuroimaging, but not clinical or behavioral, changes are associated with high magnitude RHI and the results herein are generally consistent with this pattern. The results of this study were consistent with previous reports of both head impact kinematics and dynamic postural control (9, 12, 36, 37) . Specifically, the football participants in this study experienced 538 T 409 head impacts (range, 80-1907) over the course of the season with a mean linear acceleration of 27.8g T 3.2g. These values are consistent with earlier studies which frequently report ranges of 75 to 1400 impacts with means in the 400 to 600 range and mean linear accelerations in the 20g to 30g range. (9, 12, 36, 37, 41) Over the course of a 4-yr collegiate football career, these results suggest the average player would exceed 2100 impacts which surpasses the proposed thresholds for elevated risk of impaired executive function and increased risk of depression in later life (42) .
Although no differences in cognitive performance were noted between preseason and postseason nor was any relationship identified with head impact kinematics, it must be noted this study was limited by only utilizing a single cognitive modality, working memory, over a single football/ cheerleading season and future investigations should diversify cognitive assessments (e.g., stroop, N-back) preferably over multiple collegiate seasons. Furthermore, psychosocial outcomes were not assessed and therefore no conclusions relative to depression, anxiety, or other mental health condition can be implied. This investigation used a comprehensive dynamic postural control battery and noted few differences; however, future investigations could address this limitation by incorporating other postural control challenges (e.g., perturbations) as well as clinically feasible assessments (e.g., ST and DT tandem gait) (43) . Cheerleaders experience fairly high rates of concussions, but are not generally considered a RHI sport and no cheerleader in this study was diagnosed with a concussion. Furthermore, there were clear differences in participant sex between groups and future studies should consider sex as a biological variable in their investigations; however, it is important to note there were few differences in baseline performances between the male football and mostly female (11/13) cheerleading groups. Finally, there is an ongoing debate regarding the utilization of helmet mounted accelerometer systems (33) , but the HITS system is the most commonly utilized approach; however, these results are limited by the efficacy of the HITS system and rotational acceleration was not utilized as an independent variable (31) (32) (33) (34) (35) .
The results of this study failed to identify any widespread motor deficits across the course of a football season and limited relationships between head impacts kinematics and a comprehensive instrumented ST and DT postural control battery. Although neuroimaging studies routinely identify differences, these results herein, consistent with prior outcomes, suggest a single season of football does not adversely affect performance across a variety of clinical or behavioral assessments. Because the long-term risk of collision sport participant remains an ongoing debate and can only be truly addressed with prospective longitudinal studies (6), continued investigation into the short and mid-term effects of collision remains warranted.
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